C oronaviruses are enveloped, single-stranded, positive-sense RNA viruses that are phenotypically and genotypically diverse. 1 Coronaviruses are widespread in bats around the world but can be found in many other species as well, including birds, cats, dogs, pigs, mice, horses, whales, and humans. 1 They may cause respiratory, enteric, hepatic, or neurologic diseases, with variable severity in various animal species. In humans, four respiratory coronaviruses -human coronaviruses (HCoV) 229E, OC43, NL63, and HKU1 -are known to be endemic. In addition, in 2003 a previously unknown coronavirus caused an outbreak of SARS in humans. [2] [3] [4] The diversity of coronaviruses is facilitated by the infidelity of the RNAdependent RNA polymerase, the high frequency of RNA recombination, and the unusually large genomes for RNA viruses. 1, 5 These factors not only have led to the diversity of known coronaviruses but also have facilitated the emergence of viruses with new traits that allow the organism to adapt to new hosts and ecologic niches, sometimes causing zoonotic events.
C a se R ep or t
A 60-year-old Saudi man was admitted to a private hospital in Jeddah, Saudi Arabia, on June 13, 2012, with a 7-day history of fever, cough, expectoration, and shortness of breath. He had no history of cardiopulmonary or renal disease, was receiving no long-term medications, and did not smoke. The physical examination revealed a bodymass index (the weight in kilograms divided by the square of the height in meters) of 35.1, a blood pressure of 140/80 mm Hg, a pulse of 117 beats per minute, a temperature of 38.3°C, and a respiratory rate of 20 breaths per minute.
Chest radiography performed on admission showed low lung volumes, bilateral enhanced pulmonary hilar vascular shadows more prominent on the left, and accentuated bronchovascular lung markings. Multiple segmental, patchy, veiling opacities were present in the middle and lower lung fields; the costophrenic angles were not blunted. The cardiac silhouette was not enlarged, with a dilated, unfolded aorta (Fig. 1A , and images in the Supplementary Appendix, available with the full text of this article at NEJM.org). On chest radiography performed 2 days later, the opacities had become more confluent and dense (Fig. 1B) . Computed tomography performed 4 days after admission revealed few subcentimetric mediastinal hilar lymph nodes, bilateral dependent airspace opacities with air bronchograms, scattered areas of ground-glass opacity, interstitial septal thickening, and nodularity in upper lobes, with minimal bilateral pleural effusions and no pericardial pleural effusion (Fig. 1C) . Collectively, these findings were consistent with an infection.
On day 1, treatment was started with oseltamivir, levofloxacin, piperacillin-tazobactam, and micafungin. On day 4, treatment with meropenem was started, since Klebsiella pneumoniae that was sensitive to meropenem was detected on bronchoscopy and tracheal lavage performed on day 2. Staphylococcus aureus, which was sensitive to a wide range of antimicrobials, was collected from a sputum sample collected on admission. Acinetobacter was detected in a tracheal aspirate sample collected on the day of death. No other pathogens were detected in respiratory specimens, and no bacterial growth was detected from blood samples.
On the day after admission, the patient was transferred to an intensive care unit, where he underwent intubation for mechanical ventilation. Laboratory findings obtained on admission showed normal white-cell counts, except for a relatively high percentage of neutrophils (92.5%) and a low percentage of lymphocytes (4.3%) ( Table 1) . Levels of liver enzymes, blood urea nitrogen, and creatinine were within the normal ranges. Somewhat elevated liver enzymes were detected on day 7 and later, with levels of alanine aminotransferase of 20 IU, 78 IU, and 47 IU per liter on days 1, 7, and 8, and levels of aspartate aminotransferase of 33 IU and 96 IU per liter on days 1 and 8, respectively. The patient tested negative for the human immunodeficiency virus; testing was not performed for pneumocystis pneumonia.
Starting on day 3 after admission, levels of blood urea nitrogen and creatinine progressively increased. Starting on day 8, the white-cell count began to rise, reaching a peak of 23,800 cells per cubic millimeter on day 10, with neutrophilia, persistent lymphopenia, and progressive thrombocytopenia. Arterial oxygen saturation ranged from 78 to 98% (Table 1) . On day 11 after admission (June 24, 2012), the patient died of progres- sive respiratory and renal failure. A postmortem examination was not performed.
Me thods

Clinical Specimens and Viral Culture
Blood samples were collected in vacutainers with and without EDTA. Sputum samples were collected in sterile cups, after which virus transport medium was added; samples were stirred and centrifuged at 2000 rpm for 10 minutes. Supernatant was transferred to a new sterile tube and used to inoculate Vero and LLC-MK2 cells by adsorption for 1 hour at room temperature, after which 2% fetal bovine serum in minimal essential medium Eagle was added. Flasks were incubated in a carbon dioxide incubator at 37°C and observed daily for 15 days for cytopathic changes with change of medium every 3 days.
Viral Diagnostics
Respiratory epithelial cells from sputum were washed three times in phosphate-buffered saline (PBS), resuspended in 1 ml of PBS, and spotted on Teflon-coated slides. Slides were left to air-dry and then fixed for 10 minutes in chilled acetone. Slides were tested by indirect immunofluorescence for influenza A virus, influenza B virus, parainfluenza viruses types 1 to 3, adenovirus, and respiratory syncytial virus with the use of a Bartels Viral Respiratory Screening and Identification Kit, as described by the manufacturer (Trinity Biotech). The same procedure was used to detect viral antigens in inoculated cells after cytopathic effects had been observed. To this end, cells were scraped from tissue-culture flasks, and cells with media were transferred to a sterile centrifuge tube and prepared as described for respiratory epithelial cells from sputum. Supernatant from sputum as well as from experimentally inoculated cell cultures that displayed cytopathic effects (and uninfected cultures as negative controls) was extracted with the use of a High Pure Viral Nucleic Acid Kit, as described by the manufacturer (Roche). Extracted nucleic acids were tested by reverse-transcriptase-polymerase-chain-reaction (RT-PCR) assay designed to detect all known paramyxoviruses, 6,7 coronaviruses, 3, 8 and enteroviruses 9 and by real-time PCR for adenoviruses. 10 We sequenced the amplified fragments using the Roche 454 GS FLX sequencing platform. A fragment library was created according to the manufacturer's protocol without DNA fragmentation (GS FLX Titanium Rapid Library Preparation, Roche). The emulsion-based clonal amplification PCR (Amplification Method Lib-L) and GS junior sequencing run was performed according to the manufacturer's instructions (Roche). The sequence reads were trimmed at 30 nucleotides from the 3′ and 5′ ends to remove all primer sequences. Sequence reads from the GS FLX sequencing data were assembled into contig maps (a set of overlapping DNA segments) with the use of CLC Genomics software, version 4.6.1 (CLC Bio). Using the 454 sequencing platform, we obtained approximately 90% of the virus genome sequence. Subsequently, specific primers were designed to amplify overlapping fragments of approximately 800 bp by means of PCR. These PCR products were purified from the gel and sequenced with the use of a BigDye Terminator v3.1 Cycle Sequencing Kit and a 3130XL Genetic Analyzer, according to the manufacturer's instructions.
R e sult s
Detection of a Coronavirus
The day 1 sputum sample tested negative by indirect immunofluorescence assays for influenza A and B viruses, parainfluenza viruses types 1 to 3, respiratory syncytial virus, and adenovirus. However, for a sputum sample obtained on admission, inoculation in LLC-MK2 and Vero cells resulted in cytopathic changes suggestive of virus replication ( Fig. 2A) . Cytopathic changes consisted of syncytium formation in LLC-MK2 cells at low pH and rounding and detachment of cells at neutral or alkaline pH in Vero and LLC-MK2 cells. On passage of the culture supernatant to fresh cells, the same cytopathic effects were observed within 5 days. Virus was not isolated from a blood sample collected on admission or from a tracheal aspirate sample collected 4 days after admission.
Indirect immunofluorescence assays for the detection of influenza A and B viruses, parainfluenza viruses types 1 to 3, respiratory syncytial virus, and adenovirus were performed with the infected cell cultures, but again with negative results. In contrast, when these slides were incubated with serum samples collected from the patient 10 and 11 days after admission, the samples reacted strongly when dilutions of 1:20 were tested on immunofluorescence assay specific for IgG antibodies. No attempts were made to detect virusspecific IgM antibodies. In contrast, 2400 control serum samples collected from persons seeking medical attention at the Dr. Soliman Fakeeh Hospital in Jeddah from 2010 through 2012 remained negative in this assay. These data suggested that antibodies to an unknown virus had developed in the patient, although such antibodies were not detectable in the general population over the previous 2 years.
Real-time PCR assays specific for adenovirus, enterovirus, human metapneumovirus, and human herpesvirus types 1 to 3 yielded negative results with the use of nucleic acids extracted from the inoculated cell-culture supernatants. Furthermore, family-wide PCR assays that can detect all known paramyxoviruses 6,7 also yielded negative results. However, familywide PCR assays for the detection of coronavi- 
Genetic Analysis of a Novel Coronavirus
The PCR fragments of the pan-coronavirus PCR 3 were sequenced. This sequence corresponded with a conserved region of open reading frame 1b of the replicase gene of a coronavirus. Reference coronavirus genome sequences were downloaded from GenBank and aligned with the amplified fragment of the newly discovered virus, hereafter called HCoV-EMC (for Erasmus Medical Center). A maximum-likelihood tree was constructed to infer the phylogenetic relationships (Fig. 2B ). This phylogenetic tree showed that HCoV-EMC belonged to lineage C of the genus betacoronavirus, along with the bat coronaviruses HKU4 and HKU5. The betacoronavirus genus contains three additional lineages; A, B, and D. 1 HCoV-HKU1 and HCoV-OC43 belong to lineage A, whereas SARS-CoV belongs to lineage B. Lineage D does not contain any human pathogens and is represented in the tree by Rousettus bat coronavirus HKU9. Thus, HCoV-EMC is distinct from previously known human coronaviruses. HCoV-NL63 and HCoV-229E are even more distinct from HCoV-EMC, since these two human pathogens belong to a different genus, alphacoronavirus (Fig. 2B) .
To further characterize the virus, approximately 90% of the virus genome sequence was obtained on sequence analysis with the use of the 454 platform. Subsequently, specific primers were designed to amplify overlapping PCR fragments of approximately 800 bp each for conventional Sanger sequencing. The nearly full-length sequence was obtained (GenBank accession number, JX869059),
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BatCoV-HKU4 for which final annotation remained in progress at the time of this report. The HCoV-EMC virus genome encodes the open reading frames common to betacoronaviruses, including open reading frame 1ab, which encodes many enzymatic products, the spike-surface glycoprotein (S), the small-envelope (E) protein, the matrix (M) protein, and the nucleocapsid (N) protein, as well as several nonstructural genes. The genome does not encode a hemagglutinin-esterase protein, in contrast to some other betacoronaviruses.
We compared the open reading frame 1ab gene product of HCoV-EMC with those of the other betacoronaviruses, HKU4 and HKU5, to test whether HCoV-EMC might belong to one of these known species or whether it represents a new species within the genus. The International Committee on Taxonomy of Viruses (ICTV) considers that viruses sharing more than 90% of sequence identity in the conserved replicase domains belong to the same species. 1 This 90% identity threshold serves as the sole species demarcation criterion. Since the identity of amino acid sequences in these conserved domains of open reading frame 1ab between HCoV-EMC and HKU4 and HKU5 was less than 80%, we concluded that HCoV-EMC represented a novel betacoronavirus species, although such classification requires formal ICTV approval.
Discussion
The first decade of the 21st century has witnessed an increase in the number of coronaviruses that have been identified, along with a corresponding increase in the number of coronavirus genomes that have been sequenced. Such increases were due to the discovery of the SARS coronavirus, which resulted in a global outbreak of pneumonia in 2003 that affected persons in approximately 30 countries and resulted in about 800 deaths. 12 Before 2003, only two human coronaviruses were known, HCoV-229E and HCoV-OC43, both discovered in the 1960s. 13, 14 After the emergence of the SARS-CoV in 2003, two additional human coronaviruses were discovered, HCoV-NL63 and HCoV-HKU1. 15-17 Here we report the isolation and characterization of the sixth coronavirus that apparently may infect humans.
On the basis of genetic data, the ICTV has identified four virus clusters within the Coronavirinae subfamily, of which three represent approved genera; alphacoronavirus, betacoronavirus, and gammacoronavirus. The five known human coronaviruses all belong to the genera alphacoronavirus (HCoV-229E and HCoV-NL63) and betacoronavirus (HCoV-OC43, HCoV-HKU1, and SARSCoV). [2] [3] [4] [13] [14] [15] [16] 18 HCoV-EMC is the first human coronavirus in lineage C of the betacoronavirus genus. Its closest relatives are coronaviruses HKU4 and HKU5, isolated from Tylonycteris pachypus and Pipistrellus abramus bats, respectively. 17 As compared with other coronaviruses, HCoV-EMC was isolated and propagated relatively easily in Vero and LLC-MK2 cells. The only other human coronaviruses that replicate well in these monkey-cell lines are SARS-CoV and HCoV-NL63, which both use human angiotensin-converting enzyme 2 as their receptor. We hypothesize that one or more species of animals, possibly bats, were the reservoir host of this new coronavirus. Saudi Arabia harbors numerous bat species, including pipistrellus bats, which were found to carry BatCoV-HKU5 in Asia.
The patient's findings on chest radiography together with the clinical symptoms indicated acute respiratory distress syndrome (ARDS) with multiorgan dysfunction syndrome (MODS), similar to what has been described in severe cases of influenza and SARS. [19] [20] [21] These pneumonic changes did not respond to antibacterial treatment. 22 The patient was treated with oseltamivir for the possibility of infection with the H1N1 swine flu virus. Hematologic changes were evident in this patient in the form of lymphopenia, neutrophilia, and late thrombocytopenia. Abnormal hematologic variables were also quite common among patients with SARS. Lymphopenia was the most common finding in a cohort of 157 patients with SARS. In those patients, postmortem findings showed lymphopenia in various lymphoid organs with no features of bone marrow failure or reactive hemophagocytic syndrome. 23 The patient also had progressive impairment of renal function, similar to what had been described in some patients with SARS and possibly attributed to direct infection of renal tissue by the virus. The renal impairment in this case started on the 9th day of symptoms and progressed over the course of the patient's illness.
No symptoms were observed in the hospital among doctors and nurses caring for the patient, which suggests that the disease did not spread readily. However, staff members were not brief report tested for antibodies against the virus for confirmation. Now that the genome sequence of HCoV-EMC has become available and rapid diagnostic tests specific for HCoV-EMC have been developed, 24 thorough epidemiologic investigations are warranted. Such studies should initially focus on identifying the original source of the virus (including bats and other animal species) and potential transmission events between the infected patient and direct contacts. The development of serologic assays for surveillance studies is important. Three months after the hospitalization of the patient in Jeddah, it was reported that a second patient with a history of travel to Saudi Arabia who had been transferred from a hospital in Qatar to a hospital in London was infected with the same virus. 25 At present, links between the two infected patients or a potential common source of infection have not been identified. No additional cases have been identified, although several are still under investigation. Epidemiologic investigations, active case findings with the use of updated case definitions, 25 and syndrome surveillance in combination with sensitive diagnostic tests will be key to monitoring the present situation and -if necessary -to intervene in a potential outbreak. It will be equally important to test whether HCoV-EMC fulfills Koch's postulates as the causative agent of severe respiratory disease.
This case is a reminder that although most infections with human coronaviruses are mild and associated with common colds, certain animal and human coronaviruses may cause severe and sometimes fatal infections in humans. Although HCoV-EMC does not have many of the worrisome characteristics of SARS-CoV, we should take notice of the valuable lessons learned during the 2003 SARS outbreak with respect to outbreak investigations and management.
